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Abstract—Acetaldehyde, th« major metabolite of ethtitiol, reacts with lysine and other free amino groups on 
proteins to form Kemldehyde-pJOtetn adducts. The presence ol or.libudits wlijch recognize such 
aeeiaidahyde-proicin adducts in sera from alcoholics has been attributed to an immune rsaponac to such 
addueta. Complicating this conclusion is the finding that sera from non-alcoholic control subjects also contain 
jtntibudics which recognize acetaldehyde—protein adducts. In the current reacoreh we sought to determine 
whether amihudien which recognize epitopes formed by the reaction of a protein with tictdaldeliyde tan be 
formed in response Id h protein modified with a rtrueturaliy relaud protein adducL Wc modified lysine residues 
9n apolipoprotein (ape) B-lUO with acetaldehyde and formaldehyde under reducing conditions, to form e-N- 
methyi- and B-tV-cchyl-Iysine residues. utid witli noetic anhydride to form c-tV-acetyl-lysine residues, and made 
antibodies against these modified proteins in guinea-pigs, In El .ISA assays antibodies made against methylated 
upuB-lOO (Mc-apoB) cross-reacted effectively with cthyloted npoB-100 (El-uppR), While antibodies made 
against acetic anhydrida-modified apoB-100 did not Cfoss-reacr. We conclude that methyl-1 ysinc shares one or 
more intmtmoreaelive epitopes with elliyl-lyshie, and that antibodies which recognize acetaldehyde modified 
protein* can he formed in response to formniriahydB-modificd proteins. We demonstrate that sera from bPIli 
alcoholics and iwr-tlrinkcra contain antibodies wliicll itwognizo Mo-apoE and Et-spoB and that the litres of 
these antibodies etc comparable- These data raise the possibility that some human serum antibodies which 
recognize acctaldehyde-modifled prurcin opitopca may have been i/mtte against formaldehyde-modified 
proroin epitopes. These date also illustrate the difficulty in assigning n unique causal relationship btttweeh the 
presence of an antibody, and the immunogen responsible fnr the formation of such antibody. 


INTRODUCTION 

Acetaldehyde, the major metabolite of ethanol, 
accumulates in the liver and blood following chronic 
ethanol intake. It is a highly inactive compound which 
reacts in vitro witli free aniinp grtuips ro form both 
stable and unstable adtluers (reviewed in Nicholis t>I 
a!., 1992). Such adducts are formed in vivo in livers of 
ethanol-fed rais (Worrall cr a/., 1991a), and lead to the 
production of antibodies which recognize 
acclaldehyde-modificd protein epitopes (Worrall era/., 
1989). Antibodies which react with acetaldehyde- 
modified protein epitopes are also found in alcoholics 
(Niemela <?r a/., 1987; Hoemer t?r a/., 1988; Worrell el 
ol., 1991a), and have been attributed to an immune 
response io acetaldehyde-modified proteins. A 
surprising, but consistent finding has been the presence 
of such antibodies in sera of non-alcoholic control 
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subjects (Niemeia. et at., 1987; Hoemer a at „ 1988; 
Worrall el iiL, 1990). These antibodies are thought to 
be formed in response to acetaldehyde-modified 
proteins (Niemeia et at., 1987; Worrall et ai, 1990). A 
variety of sources of acetaldehyde have been 
implicated, including occasional alcohol consumption, 
alcohol produced by bacteria in the gut (Baraona etal., 
1986), and during threonine metabolism. However, the 
specificity of these antibodies has npi been 
investigated. This raises the question as to whether 
aiui-acetaldehyde antibodies in non-dxinldng subjects 
ai* formed as an immune response to acctaldehyda- 
modified protein epitopes, or to an unrelated protein 
epitope. 

In the present paper we address the issue of antibody 
specificity by comparing the immunoreactivity of a 
number of covalent protein adducts which share 
structural properties with acetaldehyde adducts- To 
this end we modified guinea-pig apolipoprotein B-100 
(apoB-100) with formaldehyde (Me-apoB), 
acetaldehyde (Et-apoB) and acetic anhydride 
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(Ac-apoB), and determined the ability of antibodies 
made against these adducts to recognize acetaldehyde, 
modified apoE-[00. ApoB-100 i£ a protein associated 
wirh the low density lipoprotein (LDL) particle, and 
has been used in previous studies to produce 
auxodntibodics in guinea-pigs (Sreinbrecher et al 
1984). Our data show that antibodies made against 
Me-apoB reacted equally well with Me-apoB and Jet- 
apoR, raising the possibility that a class of cross- 
reacting antibodies also exist in human serum. 
Consistent with this hypothesis, we demonstrate that 
sera from non-drinkers and alcoholics alike contain 
antibodies Which recognize Me-apoB and Et-apoB, 
and that the litres of these antibodies are similar. 


MATERIALS AND METHODS 

Materials 

Antibodies against human IgA, IgG, IgM and anti- 
apoB were purchased from Chemicon International 
(Temecula, CA, USA), Wc obtained protein 
A-conjugated alkaiine phosphatase, biotinylated ami- 
guinea-pig IgG, Freund’s adjuvant, acetaldehyde, 
formaldehyde and EDTA from Sigma (St Louis, MO, 
USA). 5-Bromn-n-chloro-3-iTidDlylphosphare p-tolui- 
dine Balt, nitroblue tetrazolium chloride, p-nitrophcnyl 
phosphate and slreptavidine-conjugated alkaline 
phosphatase were obtained from Ciihco BRL (Glen 
Wavciiey Vic, Australia). Ketamine was from Pitman 
Moore (Maylab, Slacks Creek, Queensland, Australia) 
and xylazine from Cooper Animal Health (North 
Ryda, New South Wales, Australia). Reagents for 
polyacrylamide gej electrophoresis were obtained 
from Bio-Rad (Richmond, CA. USA). A11 remaining 
reagents were of AR. grade. 

Animals 

Outbred guinea-pigs were purchased from The 
University of Queensland Animal Breeding Farm. 
Blood -was col leered by heart puncture from animals 
that were anaesthetized with ketamine and xylazine. 

Human subjects 

Plasma was obtained from patients who were 
admitted to the Queensland Alcohol and Drug 
Dependence Service (Biala House, Brisbane, 
Australia), with a recent history Of alcohol abuse. 
During an interview patients admitted to consuming 
>100 g of ethanol/day on a regular basis for at least 6 
months. Patients (five male and one female) were aged 


20-60 years. Blood was collected 6—20h after t 
admission. Plasma was also obtained from seven ! 

hea fitly volunteers (One male and six female), who, as 
members of a strict religious denomination, were life¬ 
long abstainers from alcohol. 

i 

Preparation of LDL and chemical modification of '■ 

apoB-100 r 

Low density lipoprotein was prepared from plasma 
by sequential floatation ns previously described 
(Kroon and Seidcnberg, 1982) and wos dialysed - 

extensively against phosphate-buffered saline (PBS) 
pH 7.4 which contained 5pmol/l £DTA. Low density 
lipoprotein samples were filtered (0.2 jim) and stored at 
4°C for no more than 4 weeks. The concentration of 


LDL protein was determined using a modified Lowry 
procedure (Markwell etui., 1978)- 

ApoB-lCO amino groups were modified with 
formaldehyde and acetaldehyde under reducing 
conditions as described by Israel et al. (1986). in the f 

presence of 50mmol/I formaldehyde and 250mmol/l f 
acetaldehyde, respectively, and with NaCNBH, as the i_ 

reducing agent. Amino groups were acerylated as i 

described by Base et al. (1976). Using picrylsulphonic > 
acid-rcactivity (Habeb, 1966) as a measure or the [ 

number of free amino-lysine residues present, , 

reductive methylalion and ethylation modified 
95-98% nf these residues, while acetylation modified 
50-75% of these residues. t 


Preparation of antibodies 

Antibodies against Me-apoB. Et-apoB and Ac-apoB 
were prepared by immunizing guinea-pigs with 
modified autologous LDL. Modified LDL (125 jig of 
protein) was emulsified in Freund’s complete adjuvant 
and was injected intradermally at multiple sites on the j 
back of each animal. On days 14 and 28 animals 
received subcutaneous booster injections of 125 frg of > 
protein in Freund’s incompl ete adjuvant and on day 38 
blood was collected. Before the injections guinea-pigs 
were slightly anaesthetized with C0 2 . Antibodies were 
used as serum. | 

I 

Reactivity of guinea-pig antibodies with modified ; 

LDL " \ 

For ELISA assays, modifiedLQL (100 fig protein/ml 
Was diluted with control LDL (100 pg protein/ml) to 
give a range of concentrations of modified LDL 
(0-OOi-l0Opg protein/ml) with tire same total LDL 
concentration. Aliquots Of iGOfrl each were Used to 
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Fig. 1. Proposed structures of modified lysine residues. 

coat ELISA plates for 3h at room (emperature, with 
shaking. Antibodies against Kt-npoB, Me-apoB and 
Ac-apoB were added to individual wells, followed by 
alkaline phosphatase-conjugated protein A 
(AP-pfntein A). Each step was Cullowed by extensive 
washes with TTBS buffer (IOmmol/1 Tris-HCl, pH 
7.5, 0.5mol/I NaCl, 0.05% Tween 20). Alkaline 
phosphatase activity on ELISA plates was measured 
by incubation with 100 (U of/7-jiitrophenyl phosphate 
(0,4mg/nil) in dicthylamine buffer (lClmmol/1 
diethanolamine, 0.5mirtol/l Me,C'T pH 9.5) for 30 min, 
followed by the addition of two volumes of 5 mol/1 
NaOH to terminate the reaction. Changes in colour at 
405nm were measured using a Titrek microplate 
reader. 


Quantification of human serum antibodies which 
recognize modified LDL 

Plasma samples were stored at -70°C until assayed. 
ELISA plates were coated with modified (Me-apoB, 
Et-apoB and Ac-apoB) human LDL ivnd incubated 
with serial dilutions of experimental plasma in 0.1% 
bovine serum albumin (BSA). The class of bound 
antibodies was determined by incubation wirh rabbit 
antibodies against human JgM and IgA followed by 
AP-protein a. Assays were repeated at least twice. 

RESULTS 

Preparation of modified apoB-JOO 

lit this study we compared the cross-reactivity of 
antibodies matte against apoB-100 which had been 
modified with formaldehyde, acetaldehyde and acetic 
anhydride. The Schifif bases formed by the reaction or 
formaldehyde and acetaldehyde with lysine amino 
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Fig. 2. CiEx-K-raaeriviry or guinea-pig antibodies. 
Individual wells of ELISA plutc? were coated with modified 
LDL(IOpgproteiri/Kldlii}, and the binding of antibodies against 
Ac-apoB flop). Me-upo8 (middle) and Et-apoB (bonom) 
quantified with AF-protcin A as described in Materials and 
methods. Dara arc expressed as the absorbance at 405mu. 


groups were reduced with NaCNBH 3 to methyl- and 
ethyl-lysine. We note that, while these are the major 
products, a number of other minor adducts are also 
formed (Nicholls et al., 15)92). Wc refer to the modified 
apoB-100 molecules as Me-apoB and El-apoB, 
respectively. The reaction of LDL with acetic 
anhydride results in the acetylation of apoB-lOO lysine 
residues. Wc refer to the corresponding apoB-IDD 
molecule as Ac-apoB. The structures of (singly) 
modified lysine residues are shown in Fig. 1. We note, 
however, that reductive alkylarion can lead to the 
formation of both mono- and di-Substitutcd lysine 
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Tabic 1. ItnmunuieBctivjiy ,if plasma from control subjects and alcoholics with Et-apoB and Mc-apoB. 


(19' 


___ Absorbance at 105 nnt _ 

_ IfiM reactivity _ _ IfiA reactivity _ 

' _ Et-appti _ Me-apoB _ _ Ec-appB _ Ms-apoB 

Control 1.03 ± 0.09 1.18 ±U.lt) 0.22 ±0.02 0.27±0_D2 

Alcoholic ___ I.ZOtg.OS _ 1-24±Q.I2 _ 0.22 ±0.63 _ 0.24 ±0.04 

Individual w ells of ELISA plates were coaled with El-npoB and Me-apoB (lhpg pioicitt/lOOpJ). The binding of IgM and IgA 
antibodies in a 1:t60 dilution of sera trem alcoholics (c — 6) and control subjects (a — 7] was meanured by incubation with ratablt 
and IgM or anti IgA, and quonlided using AlP-protein A as described in Materials and methods. Data ate expressed as the means 
±SEM. 


residues, and that the relative amounts of these 
substituted lysines formed depends on the 
experimental conditions and also differs for individual 
iyslne residues (Jentoft and Dearborn, 1979, 1983). 

To minimize the production of antibodies against 
apoB-lOO, autologous apoB-100 was modified and 
used for antibody production in guinea-pigs. 
ApoB-lOO is associated with .U.I3L, and aS such can be 
readily obtained in a highly purified form by sequential 
ultracentrifugalion. 

Cross-reactivity of antibodies 

Hie central question addressed in this study was 
■whether antibodies directed against lysine residues 
modified with the one- and two-carbon, methyl, ethyl 
and acetyl groups are specific, or whether they crpss- 
react with each other. We assessed die ability of these 
antibodies to cross-react using an ELISA assay. In this 
assay, guinea-pig antibodies were incubated with 
modified apoB-100 and bound antibody detected 
directly with AP-conjugated protein A, In control 
experiments, wo have shown that AP-protein A does 
not react with either control or modified apoB-100 
(data not shown). 

The results shown in Fig. 2 demonstrate rhat anti 
Me-apoB antibodies reacted with both Me-apoB and 
Ei.-apoB. In a number of different experiments, wc 
have found thal tile reactivity with Et-upoE was either 
equal to, or somewhat greater than, the reactivity with 
Me-apoB, In contrast, anti Et-apoB antibodies were 
much more specific; the concentration of Me-apoB 
required to give an absorbance of 1.0 at 405 run was 
-400 times that of Et-apoB. Both of these antibodies 
failed to react with Ae-apo8. Ac-apuB was the most 
Specific, failing to react with either Me-apoB or 
Er-apoB. None of these antibodies recognized 
unmodified apoB-100 (Fig. 4). We conclude that 
antibodies which react with Et-apoB can he formed by 
exposure to etiherBt-apoB or Me-apoB. Furthermore, 


despite the weak reactivity of anti Et-apoB with Me- 
apoB, the same can bo said about the formation of 
antibodies which recognize Mc-ftpoB. 

Antibodies in human plasma 

Previous studies have shown that antibodies which 
recognize Et-LDL are present in human sera obtained 
from both non-drinkers and alcoholics (Worrall er al., 
19914). The major class of Such antibodies is IgM, with 
smaller amorous of IgA and negligible amounts of IgG 
(Wotruli ei al., 1991 b). The IgA reactivities reported 
axe lower than those reported previously (Worrall er 
al., 199lfc). The reasons for this are not known, but may 
reflect differences in the experimental conditions used. 
In view of the crnss-TcactivUy of guinea-pig anti 
Me-apoB antibodies With Et-apoB, it appeared 
possible that a similar cross-reacting class of 
antibodies exists in human sera. To address this 
question we measured the concentrations of IgM and 
IgA class antibodies which recognize Me-apoB and 
Et-apoB, in sera from both alcoholics and from control 
subjects. IgM- and IgA-specific rabbit secondary 
antibodies were used to quantify binding of human 
serum antibodies to modified apoB-100. These rabbit 
antibodies were in turn quantified using AP-protasn A. 
ControL experiments in which the secondary 
antibodies were omitted gave A 1t)J , readings of <0.1 
(data not shown). The results in Table 1 show (hat IgM 
and IgA class antibodies which recognized Et-apoB 
and Me-apoB were present in sera from both 
alcoholics and from non-drinkers, wiih relative tides 
which were similar for both Subject grcnips- 

DIS CUSS ION 

The current data Show that antibodies raised against 
Me-apoB can cross-rtact with Et-apoB, demonstrating 
that Me-apoB and Et-npnB share one or more epitopes. 
Our data are consistent with those of Klussen ct al. 
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(1990) who showed that polyclonal antibodies against 
a tubulin-acetaldehyde adduct were able to cross-react 
with a number of higher aldehydes, and that dlls was 
due to the existence of a number of shared and 
aldchyde-Rpeeific epitopes, Itl contrast, Sieinbreclter et 
aL (1984) failed to And cross-reactivity between 
antibodies prepared against Mc-apoB and Et-apoB. 
Although tile antibodies in the current study were 
made in guinea-pigs, the existence of shared epitopes 
has important implications for the specificity of 
antibodies which recugnize acetaldehyde-modified 
proteins in humans. Specifically, the existence of 
similar Cross-reacting antibodies in human serum 
might be mistaken for antibodies directed against 
acetaldehyde-modi tied protein epitopes. 

Although reductive alkylation of proteins can lead to 
die fonnnfion of a number of different modifications of 
amino acids (Nicholls etal., I99Z), alkylation of lysine 
amino groups and Of the amino-terminal amino group 
predominate. This has been most dearly demonstrated 
by ,:| C NMR analysis of proteins which have been 
reductively methylated with 13 C-labelicd formal, 
dehyds. A two-dimensional NMR study of reductively 
methylated calmodulin only contained resonances 
from e-Me-lysine residues and the W-methylatcd 
amino-terminal residue (Zhang and Vogel, 1993). 

Given the fact that alkylated lysine residues 
predominate in reductively alkylated proteins, we 
surmise that the cross-reactivity between Me- and Et- 
apoB is due to the existence of one or more shared 
eptrapes on Me-lysine and Et-lysjnc, However, a 
contribution to the cf°ss»reactivity from shared 
epitopes on other acetaldehyde-modified amino acids 
cannot be ruled out. 

Our date illustrate the difficulty in assigning a 
unique causal relationship between the presence of 
antibodies against an epitope and the immunogen 
responsible for generating these antibodies. The 
presence of antibodies which recognize acctaldehydc- 
modilied proteins in sera from non-alcoholic subjects 
has been attributed to an immune response to 
acetaldehyde-modified proteins. A variety of sources 
of acetaldehyde have been implicated, including 
occasional alcohol consumption, alcohol produced by 
bacteria In the gut (Baraona et a!., 1986) and during 
threonine metabolism. However, the question as to 
whether these antibodies are specific for acetaldehyde- 
epitopes has nor been addressed. The results of the 
current study demonstrate thar tire presence of 
antibodies which recognize acetaldehyde-modified 
protein epitopes is only consistent with, but does not 


constitute proof of, an immune response to 
aceialdshydc-modiiicd protein epitopes. 

The second finding in the current study is that 
circulating antibodies in alcoholics and non-drinkers 
alike recognize both Mc-apoB and Bt-apoE. In view of 
the above discussions, one interpretation of these data 
is that human Serum contains antibodies made against 
formaldehyde-modified prate ins, and that these anti¬ 
bodies, like the corresponding gdinea-pig antibodies, 
cross-reset with acetaldehyde-modified proteins. 
However, the possibility that these antibodies were 
made separately against formaldehyde- and 
acetaldehyde-modified, protein epiropes, or possibly 
yet another unrelated epitope, cannot be ruled out 
Following die completion of this work, Wehr et al. 
(1993) also reported the presence of antibodies which 
recognized Me-apoB and Et-apoB in both alcoholics 
and non-alcoholics, although these antibodies were 
reported to be in the IgG class. 

Antibodies which recognize acetaldehyde-modified 
proieins have been of intense interest as a diagnostic 
marker for excessive alcohol consumption. 
Reductively ethylated proteins have been used as 
antigens for such studies, although the chemical nature 
of adduct(s) in vivo is not clearly known (Klassen et 
al„ 1994). The use of such antibodies is complicated by 
their presence in sera from control subjects and 
alcoholics. It is only when litres of antibodies in the 
IgA class are compared that a significant difference is 
observed between control and alcoholic subjects 
(Worrall et al, 19916). Even then, the average litre of 
IgA class antibodies which recognize acetaldehyde- 
modified protein epitopes in alcoholics is only twice 
thst lor control Subjects. Overlapping individual 
respunses preclude their practical use fqr diagnosis. 
Based on die results of the current study we suggest 
that at least part of the response in control subjects may 
be due to the presence of cross-reacting antibodies 
made in response to formaldehyde-modified or 
perhaps other protein epitopes. In this regard we note 
that formaldehyde can be produced by the action of 
cytochrome P'lSB monooxygenases on a variety of 
pharmaceutical agents and other xenobiotics, 
including planr and microbial secondary metabolites 
(Guengciich, 1990). 
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